Although serine proteases and agonists of protease-activated receptor 2 (PAR2) cause inflammation and pain, the spectrum of proteases that are activated by proinflammatory and algesic stimuli and their contribution to inflammatory pain are uncertain.
Introduction
Damaging and inflammatory stimuli activate proteases in the circulation and in immune, epithelial and neuronal tissues that cleave protease-activated receptors (PARs), a family of four GPCRs (Ossovskaya and Bunnett, 2004; Ramachandran et al., 2012 ; nomenclature follows Alexander et al., 2013a) . Activation of PAR2 on primary spinal afferent neurons stimulates the release of neuropeptides that cause neurogenic inflammation and pain (Steinhoff et al., 2000; Vergnolle et al., 2001; Cenac et al., 2003; Nguyen et al., 2003) . PAR2 also sensitizes transient receptor potential (TRP) ion channels, which amplify inflammation and pain Dai et al., 2007; Grant et al., 2007; Poole et al., 2013 ; channel nomenclature follows Alexander et al., 2013b) . Several serine proteases that are generated during injury can activate PAR2, including trypsins (Nystedt et al., 1994; Bohm et al., 1996; Knecht et al., 2007) , mast cell tryptase (Corvera et al., 1997) , coagulation factors VIIa and Xa (Camerer et al., 2000) and kallikreins (Oikonomopoulou et al., 2006) . Although trypsins are the most potent PAR2 activators, their contributions to inflammation and pain are not understood. The human trypsinogen genes PRSS1, PRSS2 and PRSS3 encode trypsinogen I, trypsinogen II and mesotrypsinogen, which are secreted from the pancreas into the intestine, where enterokinase cleaves these zymogens to generate active proteases that degrade dietary proteins (Emi et al., 1986; Nyaruhucha et al., 1997) . Trypsinogen IV is a splice variant of mesotrypsinogen, although the active proteases mesotrypsin and trypsin IV are identical (Wiegand et al., 1993; Szmola et al., 2003) . Trypsinogen IV is expressed by neurons, astrocytes and extrapancreatic epithelial cells (Wiegand et al., 1993; Cottrell et al., 2004; Gallatz et al., 2007; Toth et al., 2007) , but the physiological function of extrapancreatic trypsins is unclear. Whereas endogenous polypeptide inhibitors control the activities of trypsin I/II, trypsin IV (mesotrypsin) is resistant to and degrades many polypeptide inhibitors (Nyaruhucha et al., 1997; Szmola et al., 2003; Cottrell et al., 2004; Sahin-Toth, 2005; Knecht et al., 2007) , with the exception of nexin-1, which can inhibit trypsin IV (Koistinen et al., 2009) . Thus, trypsin IV may remain active for prolonged periods. Although trypsin-related serine proteases cause PAR2-dependent neurogenic inflammation and pain in the skin (Steinhoff et al., 2000; Vergnolle et al., 2001) , pancreas (Hoogerwerf et al., 2004) , colon (Cenac et al., 2002; Cattaruzza et al., 2011) and joints (Ferrell et al., 2003) , and may contribute to the pain of irritable bowel syndrome (Cenac et al., 2007) and cancer (Lam and Schmidt, 2010) , the spectrum of serine proteases that are activated during inflammation and their contribution to inflammation and pain remain uncertain.
We examined the activation of serine proteases in the mouse during inflammation and investigated the contributions of proteases and PAR2 to inflammation and pain. As proteases are regulated by post-translational control of activity (e.g. by zymogen processing and endogenous inhibitors) rather than by gene or protein expression, we studied protease activity in paw tissues of mice after the intraplantar injection of agents that induce inflammation and pain by activating different pathways. These agents included formalin, which can activate the TRPA1 ion channel on sensory nerves (McNamara et al., 2007) , and bradykinin and a PAR2-selective activating peptide (PAR2-AP), which can activate GPCRs on sensory nerves (Vergnolle et al., 2001) . We found that formalin, bradykinin and PAR2-AP activated proteases in paw tissues that were inhibited by the serine protease inhibitor, melagatran (Gustafsson et al., 1998) , but not by soybean trypsin inhibitor (SBTI), consistent with activation of trypsin IV-like protease (Ceppa et al., 2011) . In common with human trypsin IV, mouse trypsin 4 was inhibited by melagatran, degraded SBTI, and activated PAR2. Proteases that were activated in the inflamed mouse paw also cleaved and activated PAR2. Notably, melagatran or PAR2 deletion suppressed hypersensitivity and oedema induced by formalin, bradykinin and PAR2-AP. Our results indicate that diverse inflammatory and painful stimuli may activate melagatran-sensitive serine proteases that cleave and activate PAR2 to cause pain and inflammation. Importantly, PAR2 agonists stimulate the activation of inhibitor-resistant proteases that can degrade endogenous polypeptide inhibitors and activate PAR2. This novel mechanism of positive feedback may amplify and sustain PAR2-mediated pain and inflammation.
Methods

Mice
All animal care and experimental procedures were approved by the Institutional Animal Care Use Committees. All studies involving animals are in accordance with the ARRIVE guidelines for reporting experiments involving animals McGrath et al., 2010) . A total of 468 animals were used in the experiments described here. C57BL/6 mice (Charles River Labs, Hollister, CA, USA) and par2 −/− and par2 +/+ littermates (C57BL/6 background; Lindner et al., 2000) (8-12 weeks, male and female) were studied. Mice were maintained under temperature-(22 ± 4°C) and light-(12 h light/dark cycle) controlled conditions with free access to food and water.
Proteases
Recombinant human trypsin I was from Polymun Scientific (Vienna, Austria). Expression, activation and characterization of recombinant human trypsin IV and rat P23 has been described (Knecht et al., 2007) . P23 resembles trypsin IV in terms of its susceptibility to inhibitors and its capacity to activate PAR2 (Knecht et al., 2007) . Mouse trypsin 4 was selected for study because of its sequence homology with rat P23. Mouse trypsin 4 was expressed with an artificial pro-peptide sequence comprising a histidine tag and an enterokinase cleavage site (MHHHHHHHHV↓PFDDDDK) (↓ enterokinase site). After the enterokinase cleavage site, the amino acid sequence is identical to the sequence of Acc. No. NM_023707. Mouse trypsinogen 4 was expressed, purified and activated to yield mouse trypsin 4 as described for human trypsin IV and rat P23 (Knecht et al., 2007) . The Km and Vmax for human trypsin I (25 ng·mL −1 ), human trypsin IV (25 ng·mL −1 ) and mouse trypsin 4 (50 ng·mL Sigma-Aldrich) in 100 mM Tris HCl, pH 8.0, 1 mM CaCl2 at 25°C.
Inhibitor characterization
Inhibition constants (IC50) for melagatran and SBTI with human trypsin I and IV and mouse trypsin 4 were determined using Bz-VGR-pNA as a substrate ([S]) in 100 mM Tris HCl, pH 8, 1 mM CaCl2 at 25°C. Substrate concentrations were selected to be close to Km values for each protease (human trypsin I, 360 μM; human trypsin IV, 55 μM; mouse trypsin 4, 215 μM). The IC50 values were converted into binding affinity Kic using the Cheng-Prusoff equation: Kic = IC50/(1 + [S]/Km) and the respective Km values as described (Knecht et al., 2007; Ceppa et al., 2011) . Inhibitors were incubated with recombinant human trypsin I, recombinant human trypsin IV and recombinant mouse trypsin 4 for different times before determining the IC50. (Jacob et al., 2005) . These KNRKmPAR2 cells were maintained in 150 μg·mL −1 hygromycin B. As a control, KNRK cells were transfected with empty vector (KNRK-vector control, KNRK-VC cells).
Generation of PAR2 transfected cell lines
Activation of proteases in inflamed tissues
Mice were anaesthetized with isoflurane and received intraplantar injections of formalin (2.5%), bradykinin (0.5-5 μg), PAR2-AP (10-50 μg) or NaCl (0.9%, vehicle control) (all 5 or 10 μL). After 60 min, mice were killed and paws were homogenized and sonicated in HBSS, 10 mM HEPES, pH 7.4, and centrifuged (20 000 g, 30 min, 4°C). Supernatants were assayed for serine protease activity by fluorogenic assay, or were incubated with synthetic fragments of PARs to assess their capacity to cleave these receptors, or were assayed for their ability to activate PAR2 in transfected cell lines.
Protease activity assays
Paw extracts (10-20 μg protein) obtained from mice 60 min after intraplantar formalin, bradykinin or PAR2-AP were diluted in 10 mM HEPES pH 7.4 (100-200 μL) and incubated with 30 mM of the rhodamine 110-based proteinase substrate BZiPAR (Molecular Probes, Eugene, OR, USA). Activity was monitored by measuring the fluorescence intensity at 498 nm excitation and 521 nm emission, from 15 to 180 min at 25°C. Enzymic activity is expressed as relative fluorescence unit ·μg −1 protein. In some experiments, samples were preincubated on ice for 30 min with protease inhibitors (melagatran, SBTI, 1 μM) or vehicle (control) before addition of substrate.
Cleavage of PAR-derived peptides
Peptides containing the cleavage and activation sites (↓) of PAR1 (LDPR↓SFLL), PAR2 (SKGR↓SLIG) and PAR4 (PAPR-↓GYPG) (P4 to P4' positions) flanked by a N-terminal DABCYL fluorophore and a C-terminal Glu(EDANS)-amide quencher moiety were obtained from JPT Peptide Technologies GmbH (Berlin, Germany). Cleavage of any peptide bond between the fluorophore and the quencher moiety would generate a fluorescence signal. Paw extracts obtained from mice 60 min after intraplantar PAR2-AP or saline were tested for their ability to cleave PAR-derived peptides. PAR-derived peptides (3.75 μM) were incubated with extracts (diluted 1:160 in 100 mM Tris HCl pH 8, 1 mM CaCl2 in 20 μL total volume, room temperature). Fluorescence was continuously monitored every minute for 100 min at 350 nm excitation and 490 nm emission. LDH activity in the extracts was measured with the Cytotoxicity Detection Kit (Roche Applied Science, Indianapolis, IN, USA). The rate of cleavage determined with the PAR-derived peptides was normalized against LDH activity measured in each sample.
PAR2 activation assays
KNRK-mPAR2 or KNRK-VC cells were loaded with Fura-2AM (Molecular Probes, Eugene, OR, USA) for measurement of [Ca 2+ ]i in individual cells at 37°C as described (Knecht et al., 2007) . Mouse trypsin IV (1-100 nM, final concentration) or paw extracts (30-40 μg protein, 50 μL) were added directly to the chamber (350 μL). The extracts were incubated at 37°C for 30 min prior to assay, which was necessary to reveal PAR2-activating enzymic activity. Results are expressed as the 340/ 380 nm emission ratio which is proportional to [Ca 2+ ]i. In some experiments, samples were pre-incubated on ice for 30 min with protease inhibitors (melagatran, 1 μM) or vehicle (control) before assay.
Measurement of paw oedema and mechanical hypersensitivity
Formalin (2.5%), PAR2-AP (0.3 or 5 μg), bradykinin (0.3 or 3 μg), capsaicin (5 μg) or vehicle (0.9% NaCl or 10% Tween 80, 10% EtOH, 80% NaCl for capsaicin) were injected into the plantar surface of left hindpaw (10 μL). The lower doses were used for measuring mechanical hypersensitivity with von Frey filaments and the higher doses were used for measuring oedema; lower doses of bradykinin and PAR2-AP did not cause detectable oedema. In some experiments, mice were pretreated with melagatran either locally (430 ng, 10 μL, intraplantar injection 15 min before injection of inflammatory and algesic agents) or systemically (0.2 mg·kg −1 , intraperitoneal injection, 45 min before the injection of inflammatory and algesic agents). The nociceptive responses to mechanical stimuli were determined by measuring the withdrawal threshold (g) of the hindpaw as described (Eilers et al., 2010) . Inflammatory oedema was assessed by measuring paw thickness with a digital calliper (Mitutoyo Corporation, Aurora, IL, USA) before and after the injections (Vergnolle et al., 2010) . Results are expressed as increase in paw thickness normalized to basal values. In assays of oedema and hypersensitivity, we used a balanced proportion of male and female mice in each group and ensured that basal withdrawal responses were similar (0.7-0.9 g) for each group. 
Data analysis
Results are reported as mean ± SEM (unless otherwise stated) and were compared using unpaired t-test analyses (for comparison between two groups) and one-way and two-way ANOVA (for comparisons among multiple groups), followed by Bonferroni's test. P < 0.05 was considered significant.
Materials
PAR2-AP (SLIGRL-NH2) was from SynPep Corp. (Dublin, CA, USA). Bradykinin was from Bachem (Torrance, CA, USA). Melagatran was from AstraZeneca (Mölndal, Sweden) and the use of melagatran as a trypsin IV inhibitor has been described (Ceppa et al., 2011) . Unless otherwise indicated, other reagents were from Sigma-Aldrich (St Louis, MO, USA).
Results
Proinflammatory and algesic stimuli activate melagatran-sensitive trypsin-like proteases
To determine whether stimuli that cause inflammation and pain by diverse mechanisms activate serine proteases, we made intraplantar injections of formalin (2.5%), bradykinin (0.5 or 5 μg), PAR2-AP (10 or 50 μg) or NaCl (0.9%, control) to mice. After 60 min, the paws were removed, homogenized and extracts were incubated with BZiPAR, a fluorogenic substrate for serine proteases. Compared with control tissues, formalin induced an ∼8-fold increase in trypsin-like activity ( Figure 1A ,B). Similarly, both bradykinin ( Figure 1A ,C) and PAR2-AP ( Figure 1A ,D) induced a dose-dependent increase in trypsin-like activity in mouse paw when compared with controls. We pre-incubated tissue extracts with protease inhibitors to further characterize the enzymic activity. Melagatran, but not SBTI, inhibited activity induced by formalin, bradykinin and PAR2-AP ( Figure 1B-D) . Thus, diverse proinflammatory and algesic agents activate serine proteases in the mouse paw that were inhibited by melagatran but resistant to a polypeptide inhibitor. These activities resemble those of human trypsin IV or rat P23 (Knecht et al., 2007; Ceppa et al., 2011) . The reason for the differences in protease activity of control tissues is unknown, but it may reflect day-to-day variability between the different experimental groups.
Mouse trypsin 4 is susceptible to melagatran and activates PAR2
The isoforms of human trypsins differ in their sensitivity to inhibitors and their capacity to activate PARs. Whereas
Figure 1
Detection of trypsin-like activity in the inflamed paw. Formalin (2.5%) (A,B), bradykinin (BK, 0.5 or 5 μg) (A,C), PAR2-AP (10 μg or 50 μg) (A,D) or NaCl (0.9%) were injected into mouse paws. After 1 h, paws were collected, homogenized and extracts (30 μg protein) were assayed for trypsin-like activity using the fluorogenic substrate BZiPAR. (A) Time course of substrate cleavage, indicating that all proinflammatory and algesic agents increased trypsin-like activity. (B-D) Effects of inhibitors on enzymatic activity normalized to control (inhibitor vehicle). Melagatran (MGT, 1 μM) but not SBTI (1 μM) abolished activity. n ≥ 3 experiments, *P < 0.05, significantly different from saline-treated tissues, #P < 0.05, significantly different from inhibitor vehicle.
human trypsin I and II are sensitive to polypeptide trypsin inhibitors, such as SBTI, human trypsin IV is resistant to and degrades these inhibitors (Nyaruhucha et al., 1997; Szmola et al., 2003; Cottrell et al., 2004; Sahin-Toth, 2005; Knecht et al., 2007) . The serine protease inhibitor melagatran can inhibit SBTI-resistant isoforms of trypsin, such as human trypsin IV and rat P23 (Ceppa et al., 2011) . Human trypsin I/II potently activate PAR2 (Nystedt et al., 1994; Bohm et al., 1996) , and human trypsin IV and rat P23 activate PAR2 and PAR1 (Knecht et al., 2007; Ceppa et al., 2011) . However, nothing is known about the inhibitor selectivity of extrapancreatic isoforms of mouse trypsins or about their ability to activate PARs.
To examine the inhibitor selectivity of mouse trypsin 4 and to determine whether mouse trypsin 4 can activate PAR2, we expressed and purified mouse trypsin 4. Mouse trypsin 4 was selected for study because of its sequence homology to rat P23. Mouse trypsinogen 4 was expressed in Escherichia coli, purified by immobilized metal ion chromatography, and was converted to trypsin 4 using enterokinase, as we have described for human trypsin IV and rat P23 (Knecht et al., 2007) (Figure 2A ). Mouse trypsin 4 degraded Bz-VGR-pNA with a Km 215 ± 20 μM and Vmax 114 ± 19 U·mg −1 (mean ± SD, n = 3 experiments). Human trypsin IV also degraded Bz-VGRpNA with a Km 56 ± 3 μM and Vmax 44 ± 28 U·mg −1 (mean ± SD, n = 3 experiments). For mouse trypsin 4, the Kic was 195 nM for melagatran and 170 nM for SBTI. For human trypsin I, the Kic was 4.5 nM for melagatran and 3.7 nM for SBTI, and for rat P23 the Kic was 17 nM for melagatran and 230 nM for SBTI (Ceppa et al., 2011) . Thus, melagatran inhibits mouse trypsin 4, human trypsin IV and rat P23. Mouse trypsin 4, like rat P23, is less susceptible to the polypeptide inhibitor SBTI than human trypsin I. Moreover, we found that the inhibitory effect of SBTI on human trypsin IV and mouse trypsin 4 was decreased by 2.8-and 4.2-fold, respectively, when SBTI was pre-incubated with either protease for 60 min before activity assay. In contrast, the inhibitory effect of SBTI on human trypsin I increased by twofold after pre-incubation with protease. The IC50 values (μM) for SBTI were: human trypsin I -initial 0.0005, after 60 min 0.00025; human trypsin IVinitial 1.6, after 1 h 4.4; mouse trypsin 4 -initial 0.34, after 60 min 1.4 (n = 2). These results are consistent with the proposal that mouse trypsin 4 and human trypsin IV are resistant to polypeptide inhibitors, such as SBTI, and that these proteases can also degrade these inhibitors.
To determine whether mouse trypsin 4 can cleave and activate PAR2, we examined Ca 2+ signalling in KNRK-mPAR2 and KNRK-VC cells. In KNRK-mPAR2 cells, mouse trypsin 4 caused a concentration-dependent increase in [Ca 2+ ]i from 1 to 100 nM, whereas the same concentrations had no effect on [Ca 2+ ]i in KNRK-VC cells ( Figure 2B ). Thus, mouse trypsin 4 can activate mouse PAR2.
Melagatran-sensitive serine proteases mediate the algesic actions of diverse stimuli
To determine if proinflammatory and algesic stimuli induce pain by activating serine proteases, we gave intraplantar injections of formalin (2.5%), bradykinin (0.3 μg), PAR2-AP (0.3 μg) or NaCl (0.9%, vehicle control) to mice pretreated with melagatran or vehicle. Melagatran was administered locally (430 ng intraplantar, 15 min pretreatment) or systemically (0.2 mg·kg −1 , i.p., 45 min pretreatment). Mechanical hypersensitivity was assessed by measuring the nociceptive threshold for paw withdrawal from calibrated von Frey filaments. Formalin significantly reduced nociceptive threshold, measured 30 to 240 min after injection, indicating sustained mechanical hypersensitivity ( Figures 3A and 4A) . The local administration of melagatran prevented formalin-induced hypersensitivity at all times except 30 min ( Figure 3A) . Similarly, systemic administration of melagatran prevented formalin-induced hypersensitivity at all times except 30 min ( Figure 4A ). Bradykinin ( Figures 3B and 4B ) and PAR2-AP ( Figures 3C and 4C ) also caused mechanical hypersensitivity. Locally and systemically administered melagatran prevented these effects at all time points. Systemic melagatran was also analgesic in mice treated with formalin and PAR2-AP, but by unknown mechanisms (Figure 4) .
To assess the specificity of the analgesic properties of melagatran, we examined the effects of melagatran on the algesic actions of capsaicin, which causes hyperalgesia by directly activating TRPV1 channels on nociceptive neurons (Caterina et al., 1997) . Intraplantar capsaicin (5 μg) significantly reduced the nociceptive threshold at all time points, consistent with sustained mechanical hypersensitivity ( Figure 3D ). Local administration of melagatran did not affect capsaicin-induced mechanical hypersensitivity. These findings suggest that formalin, bradykinin and a PAR2 agonist activate melagatran-sensitive serine proteases that cause mechanical hyperalgesia. The results are consistent with formalin-, bradykinin-and PAR2-AP-induced activation of melagatran-sensitive proteases in the paw (Figure 1) . However, proteases do not contribute to the algesic actions of capsaicin, which directly activates TRPV1 on nociceptive neurons.
Figure 3
Effects of local administration of melagatran on mechanical hypersensitivity. Mice received intraplantar injections of formalin (2.5%) (A), bradykinin (BK, 0.3 μg) (B), PAR2-AP (0.3 μg) (C), capsaicin (Cap., 5 μg) (D) or vehicle (Veh.). Melagatran (MGT) or vehicle was administered locally (430 ng, 10 μL, intraplantar, 15 min pretreatment). Formalin, bradykinin, PAR2-AP and capsaicin all caused a robust decrease in the nociceptive threshold for stimulation of the injected paws with von Frey filaments, consistent with mechanical hypersensitivity. Locally administered melagatran significantly inhibited mechanical hypersensitivity induced by formalin, bradykinin and PAR2-AP, but not to capsaicin. n = 6-16 mice per group. *P < 0.05, **P < 0.005, ***P < 0.001, proinflammatory and algesic agents significantly different from vehicle controls. #P < 0.05, ##P < 0.005, melagatran-treated mice receiving proinflammatory and algesic agents significantly different from vehicle controls.
Figure 4
Effects of systemic administration of melagatran on mechanical hypersensitivity. Mice received intraplantar injections of formalin (2.5%) (A), bradykinin (BK, 0.3 μg) (B), PAR2-AP (0.3 μg) (C) or vehicle (Veh.). Melagatran (MGT) or vehicle was administered systemically (0.2 mg·kg −1 i.p., 45 min pretreatment). Systemically administered melagatran significantly inhibited mechanical hypersensitivity induced by formalin, bradykinin and PAR2-AP. n = 6-16 mice per group. *P < 0.05, **P < 0.005, ***P < 0.001 proinflammatory and algesic agents significantly different from vehicle controls. #P < 0.05, ##P < 0.005, ###P < 0.001 melagatran-treated mice receiving proinflammatory and algesic agents significantly different from vehicle controls.
Melagatran-sensitive serine proteases mediate the proinflammatory actions of diverse stimuli
We similarly determined if proinflammatory agents induce local inflammation by generating serine proteases. We made intraplantar injections of formalin (2.5%), bradykinin (3 μg), PAR2-AP (50 μg),or NaCl (vehicle control, 0.9%) to mice pretreated with melagatran or vehicle. Paw thickness was measured as an index of oedema formation. Formalin caused a robust increase in paw thickness for up to 4 h and intraplantar injection of melagatran reduced the oedema formation at all time points ( Figure 5A ). Bradykinin and PAR2-AP caused a smaller oedema, which was also significantly inhibited by melagatran ( Figure 5B,C) . Thus, melagatran-sensitive serine proteases mediate the effects of formalin, bradykinin and PAR2-AP on oedema formation in the mouse paw.
Proinflammatory and algesic stimuli generate melagatran-sensitive serine proteases that cleave and activate PAR2 to induce mechanical hypersensitivity
To determine whether the proteases that are generated by proinflammatory and algesic stimuli can activate PAR2, we bioassayed tissue extracts for PAR2-dependent Ca 2+ signalling in KNRK-mPAR2 and KNRK-VC cells. These cells are useful for studying proteolytic activation of PARs, as Ca 2+ responses of KNRK cells to many serine proteases require PAR expression (Knecht et al., 2007) . Extracts were prepared from paw tissue collected 60 min after intraplantar injection of PAR2-AP (50 μg), bradykinin (5 μg) or NaCl (0.9%). Extracts (30 or 40 μg protein) from PAR2-AP-treated tissues caused a prompt and transient increase in [Ca 2+ ]i in KNRK-mPAR2 cells, followed by a gradual increase that reached a plateau within ∼3 min (Figure 6A,E) . In contrast, these extracts did not cause the prompt and transient increase in [Ca 2+ ]i in KNRK-VC cells, but only caused a gradual and delayed response ( Figure 6B,E) . These results suggest that the rapid increase in [Ca 2+ ]i is PAR2-dependent. The minor delayed response observed in KNRKmPAR2 and KNRK-VC cells may be a non-specific effect of the injection of high protein content solutions or attributable to other substances that can stimulate KNRK cells. Extracts from tissues treated with bradykinin also caused a prompt and transient increase in [Ca 2+ ]i in KNRK-mPAR2 cells ( Figure 6C ), which was markedly diminished in KNRK-VC cells ( Figure 6E ). The residual responses from bradykinin-treated extracts in KNRK-VC cells are presumably because of a PAR2-independent process that remains to be identified. In contrast, extracts from control tissues (0.9% NaCl) had no effect on [Ca 2+ ]i in KNRK-mPAR2 cells ( Figure 6D,E) . Importantly, treatment of extracts from PAR2-AP-or bradykinin-treated tissues with melagatran (1 μM) significantly reduced or abolished the rapid response in KNRK-mPAR2 cells ( Figure 6E ). These results indicate that PAR2-AP and bradykinin generate
Figure 5
Effects of melagatran on inflammation. Mice received intraplantar injections of formalin (2.5%) (A), bradykinin (BK, 3 μg) (B), PAR2-AP (50 μg) (C) or vehicle (Veh). Melagatran (MGT) or vehicle was administered locally (430 ng, 10 μL, intraplantar, 15 min pretreatment). Paw thickness was measured with callipers. All treatments significantly increased paw thickness over baseline, indicating oedema formation and inflammation. Melagatran significantly decreased oedema formation, indicating inhibition of inflammation. n = 10-12 mice per group. ***P < 0.001 proinflammatory and algesic agents compared with vehicle controls. #P < 0.05, ###P < 0.001 melagatran-treated mice receiving proinflammatory and algesic agents compared with vehicle controls.
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melagatran-sensitive serine proteases that can activate PAR2. The observation that melagatran prevented the actions of extracts on KNRK-PAR2 cells suggests a requirement of protease activity for activation of PAR2, and thus excludes the possibility that residual PAR2-AP within the paw mediates these effects. Whether melagatran has non-selective actions in this assay that are independent of protease inhibition remains to be determined.
We have previously reported that PAR2 deletion attenuates the algesic effects of formalin in the mouse paw, suggesting that the effect of formalin includes generation of proteases that can activate PAR2 (Vergnolle et al., 2001) . PAR2 deletion also prevents the algesic actions of PAR2-AP, which require direct activation of this receptor (Vergnolle et al., 2001) . To determine whether protease generation and PAR2 activation mediates the algesic effects of bradykinin, we compared mechanical hypersensitivity in par2 +/+ and par2 −/− mice. Bradykinin (300 ng intraplantar) induced the expected mechanical hypersensitivity in par2 +/+ mice that was sustained for 240 min (Figure 7 ). This effect was significantly reduced in par2 −/− mice at all times, with the exception of 120 min. Thus, bradykinininduced mechanical hypersensitivity depends in part on the generation of PAR2-activating proteases.
Activation of PAR2 generates proteases that can cleave peptides derived from PAR2, PAR4 and PAR1
To determine whether a PAR2 agonist could induce the activation of proteases that cleave multiple PARs, we incubated tissue extracts from mice treated with PAR2-AP (50 μg, intraplantar) or NaCl (0.9%) with fluorogenic peptides derived from the canonical cleavage and activation sites (↓) of PAR2 (SKGR↓SLIG), PAR4 (PAPR↓GYPG) and PAR1 (LDPR↓SFLL). Cleavage at any site within these sequences would generate a
Figure 6
Generation of PAR2-activating proteases. Extracts (30 μg protein) from tissues treated with PAR2-AP (50 μg), bradykinin (5 μg) or NaCl (0.9%) were bioassayed for effects on [Ca ]i of KNRK-mPAR2 cells challenged with extracts of tissue from PAR2-AP-and bradykinin-treated mice. n = 2-5 coverslips per group, with 16-36 cells analysed. Extracts were assayed from n = 4 mice per experimental treatment. *P < 0.05 compared with NaCl-treated tissues in KNRK-PAR2 cells. #P < 0.05 vehicle compared with melagatran, bradykinin-treated tissues in KNRK-PAR2 cells. **P < 0.05 responses in KNRK-VC compared with KNRK-PAR2 cells.
fluorescence signal. Extracts from tissues treated with PAR2-AP more rapidly degraded all PAR-derived peptides than extracts of NaCl-treated tissues (Table 1) . This difference was most pronounced for cleavage of PAR2 and PAR4, where the cleavage by PAR2-AP-treated extracts was 2.6-fold (PAR2) and 3.9-fold (PAR4) of the cleavage by NaCl-treated extracts. These results support the concept that PAR2 agonists stimulate the generation of proteases that can cleave and activate multiple PARs. In this manner, PAR2 agonists may lead to the generation of proteases that cleave and activate PAR2. This novel mechanism of positive feedback control may amplify and sustain PAR2-stimulated inflammation and pain.
Discussion and conclusions
Our results show that injection of formalin, bradykinin and PAR2-AP into the mouse paw results in the local formation of active proteases that, in common with mouse trypsin 4, are susceptible to the serine protease inhibitor melagatran yet are relatively resistant to the polypeptide inhibitor SBTI. These proteases cleave PAR-derived peptides and signal to cells by a PAR2-dependent mechanism, which indicates that they can activate PAR2. By studying mice treated with protease inhibitors or lacking PAR2, we conclude that formalin, bradykinin and PAR2-AP can cause inflammation and hyperalgesia by generating melagatran-sensitive serine proteases that activate PAR2. Our finding that PAR2 agonists activate proteases that cause inflammation and pain supports the existence of a novel mechanism of positive feedback that could amplify and sustain PAR2-dependent inflammation and algesia.
The contributions of serine proteases to the proinflammatory and algesic actions of diverse stimulants
Serine and cysteine proteases can cause neurogenic inflammation and pain by activating PAR2 on nociceptive neurons (Steinhoff et al., 2000; Vergnolle et al., 2001; Cenac et al., 2002; Ferrell et al., 2003; Lam and Schmidt, 2010; Cattaruzza et al., 2011) . However, the proteases that are generated by specific proinflammatory and algesic stimuli remain to be identified and their contributions to inflammation and pain are not fully understood. To determine whether proteases are activated in pain states, we assayed protease activity in tissue extracts using a fluorogenic substrate. This analysis revealed that intraplantar formalin, bradykinin and PAR2-AP induced the activation of proteases.
We have yet to identify the proteases that are activated by intraplantar injections of formalin, bradykinin and PAR2-AP. However, each stimulus generated proteases that were susceptible to the serine protease inhibitor melagatran yet were resistant to SBTI. Melagatran potently inhibits several serine proteases, including thrombin, trypsin and kallikrein that can activate PAR2 and other PARs (Gustafsson et al., 1998) . However, the sensitivity of activated proteases to melagatran, but not to SBTI, is consistent with activation of polypeptide inhibitor-resistant isoforms of trypsin, which include trypsin IV in human and P23 in rat (Nyaruhucha et al., 1997; Szmola et al., 2003; Cottrell et al., 2004; Sahin-Toth, 2005; 6.4 27.8
1.7 (P = 0.0851 vs. NaCl) Extracts of paw prepared 60 min after intraplantar injection of PAR2-AP (50 μg) or NaCl (0.9%) were incubated with fluorogenic peptides derived from the canonical cleavage and activation sites for PAR2, PAR4 and PAR1. Activities were normalized against LDH activity of the extracts. The activity of NaCl-treated extracts for cleavage of PAR2-derived peptide was arbitrarily set to 100%. The change in activity between NaCl-(control) and PAR2-AP-treated animals, expressed in fold difference, is shown in the last column. Results are the mean ± SD of three independent experiments.
Figure 7
Bradykinin-induced mechanical hypersensitivity. Bradykinin (0.3 μg) was administered by intraplantar injection to par2 +/+ and par2 −/− mice. In par2 +/+ mice, bradykinin caused a robust decrease in the nociceptive threshold for stimulation of the injected paws with von Frey filaments, consistent with mechanical hypersensitivity. This effect was significantly reduced in par2 −/− mice. n = 7-8 mice per group. *P < 0.05, ***P < 0.01 par2 −/− significantly different from par2 +/+ mice. F Cattaruzza et al. et al., 2007) . In view of the interspecies differences in trypsinogen genes, and as the mouse equivalent of trypsin IV and P23 was unknown, we expressed mouse trypsinogen 4 and examined the susceptibility of trypsin 4 to inhibitors and its ability to activate PAR2. Mouse trypsin 4, like human trypsin IV and rat P23, was inhibited by melagatran. SBTI was a less effective inhibitor of trypsin 4 than human trypsin I. Notably, incubation with trypsin 4 reduced the potency of SBTI, which suggests that trypsin 4 can degrade SBTI, as is the case with trypsin IV. A glutamine to aspartate substitution at residue 198 of mouse trypsin 4, equivalent to that of P23, probably explains its resistance to SBTI. Mouse trypsin 4 increased [Ca 2+ ]i in KNRK cells expressing mouse PAR2 but not empty vector, which indicates that trypsin 4, like trypsin IV and P23, can activate PAR2. However, whether trypsin 4 is the target of the algesic and anti-inflammatory effects of melagatran remains to be determined.
BJP
The main finding of our study was that melagatran inhibited the proinflammatory and algesic actions of formalin, bradykinin and PAR2-AP. Although melagatran had a larger inhibitory effect on hypersensitivity than inflammatory oedema, lower doses of formalin, bradykinin and PAR2-AP were used to induce hypersensitivity than oedema, which may account for this apparent difference. Whereas melagatran inhibited bradykinin-and PAR2-AP-evoked hypersensitivity at all times, it did not prevent the immediate (30 min) hypersensitivity to formalin, which presumably occurs initially by a protease-independent mechanism involving the direct activation of TRPA1 channels (McNamara et al., 2007) . The anti-inflammatory and analgesic actions of melagatran are likely to be related to inhibition of proteases rather than to a non-specific effect on neurotransmission, as melagatran had no effect on the actions of capsaicin, which induces hyperalgesia by directly activating TRPV1 channels (Caterina et al., 1997) . We also observed that systemically but not locally administered melagatran induced analgesia in mice treated with formalin and PAR2-AP. Whether this analgesia is also due to inhibition of systemic protease activity or is due to a non-selective effect of melagatran is unknown and requires further investigation.
A potentially confounding aspect of our study is that we examined nociceptive behaviour in both male and female mice, as there are gender-related differences in pain perception in humans and experimental animals (WiesenfeldHallin, 2005) . Female mice have a lower paw withdrawal threshold to mechanical stimulation than male mice, and carrageenan-induced allodynia, but not paw oedema, is more profound in female than male mice (Li et al., 2009) . Although the use of mice of both genders could have introduced variability into our studies, we used similar proportions of male and female mice in each experimental group. Whether there are gender-related differences in protease activation during inflammation remains to be investigated.
Minor trypsin isoforms, such as trypsin IV, trypsin 4 and P23, may contribute to diverse pathophysiological processes. Human trypsinogen IV is expressed by neurons and glial cells, mainly astrocytes, of human brain and spinal cord, as well as by epithelial cells of the human intestine, airway and prostate (Wiegand et al., 1993; Cottrell et al., 2004; Gallatz et al., 2007; Toth et al., 2007) . Although the physiological functions of this widely expressed protease are unknown, trypsin IV can activate PAR2 and PAR1, and induces inflammation and hyperalgesia by PAR-dependent mechanisms Grishina et al., 2005; Wang et al., 2006; Knecht et al., 2007) . Trypsin IV/mesotrypsin may be preferentially activated during pancreatitis (Szmola et al., 2003) , and P23 is also up-regulated in the inflamed rat pancreas (Schick et al., 1984) . The mesotrypsinogen/trypsinogen IV gene PRSS3 is upregulated in metastatic non-small cell lung cancers (Diederichs et al., 2004) . Trypsinogen IV overexpression in neurons of the mouse brain results in generation of glial fibrillary acidic protein in astrocytes, suggesting a role for trypsin IV in astrocyte proliferation (Minn et al., 1998) . Trypsin IV can degrade myelin basic protein and thus may contribute to multiple sclerosis (Medveczky et al., 2006) . Thus, these trypsin isoforms are induced and activated during inflammation and in tumours, where the sustained, inhibitor-resistant activity of these proteases could contribute to inflammation and pain, possibly by activating PARs.
The contributions of PAR2 to the proinflammatory and algesic actions of diverse stimulants
PAR2 is expressed by primary spinal afferent neurons and has been implicated in neurogenic inflammation and pain in several systems (Steinhoff et al., 2000; Vergnolle et al., 2001; Cenac et al., 2003; Ferrell et al., 2003; Hoogerwerf et al., 2004; Lam and Schmidt, 2010; Cattaruzza et al., 2011) . PAR2 deletion prevents the proinflammatory and hyperalgesic actions of PAR2-AP, trypsin and tryptase in the skin and intestine, and attenuates the hyperalgesia associated with inflammation in these tissues (Vergnolle et al., 2001; Cenac et al., 2002; Hansen et al., 2005) . Several observations indicate that PAR2 also contributes to the proinflammatory and hyperalgesic actions of formalin, bradykinin and PAR2-AP. First, extracts of tissues treated with these stimulants induced Ca 2+ signals in KNKR-mPAR2 cells, but not in KNRK-VC cells, consistent with PAR2 activation. Melagatran attenuated these signals, which thus require protease activity. Second, extracts cleaved peptide fragments of PAR1, PAR2 and PAR4, with high activity towards PAR2-derived peptides. Although this analysis did not identify the site of hydrolysis, cleavage at the canonical activation site is to be expected given the stimulatory actions of extracts on Ca 2+ signalling. Third, bradykinininduced mechanical hypersensitivity was attenuated in PAR2 deficient mice, in line with previous reports that PAR2 deletion attenuated the algesic actions of formalin and PAR2-AP (Vergnolle et al., 2001) . Thus, in addition to the direct activation of nociceptive neurons, formalin, bradykinin and PAR2-AP may also generate proteases that can induce inflammation and pain by activating PAR2.
The identification of a novel mechanism of PAR2-and protease-dependent positive feedback
The two unexpected findings of our investigation were that PAR2-AP stimulated the generation of melagatran-sensitive proteases, and that melagatran suppressed PAR2-APstimulated inflammation and pain. These observations suggest that PAR2 generates self-activating proteases that can further activate this receptor and thereby amplify and sustain inflammation and pain, which suggests the existence of a novel mechanism of positive feedback control of PAR2 signalling. The cellular origin of these proteases is unknown. However, PAR2 is expressed by many cell types in the skin, including nociceptive neurons, keratinocytes and cells of the immune system, all of which may release proteases when stimulated by PAR2 agonists (Steinhoff et al., 1999) . Although human trypsin IV/mesotrypsin is expressed by many types of epithelial cells and is capable of activating PAR2 and PAR1 Grishina et al., 2005; Wang et al., 2006; Knecht et al., 2007) , little is known about the mechanisms of secretion and activation of trypsinogen IV/mesotrypsinogen. To our knowledge, the control of trypsinogen 4 secretion and activation in mice has not been investigated. However, our results suggest that PAR2 agonists may cause neurogenic inflammation and pain both by the direct activation of PAR2 on nociceptive neurons, and by generating proteases from other cell types that in turn activate neuronal PAR2.
In summary, we report that agents that cause inflammation and pain by diverse pathways activate serine proteases in the skin, where proteolytic activation of PAR2 makes a substantial contribution to the inflammatory and hyperalgesic responses. Although these proteases resemble inhibitorresistant isoforms of trypsin, further studies are required to identify and localize activated proteases. Our results suggest that inhibitors of serine proteases may be valuable treatments for inflammatory pain. The observation that melagatran inhibits pancreatic pain supports this suggestion (Ceppa et al., 2011) .
